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Abstract—Functional electrical stimulation (FES) has shown 
great potential in helping patients to achieve their joint 
movements. Since muscle system exists non-linear, time-
varying and external disturbances, conventional controllers 
are difficult to achieve the precise control. In order to improve 
the accuracy of FES for knee joint movement, in this paper, a 
RBF neural network based sliding mode control method is 
designed. An electrical stimulation model of knee joint is first 
established, the nonlinear performance of RBF neural network 
is used to approximate the lower limb joint model uncertainties 
and external disturbances. To determine the width of hidden 
layer units and the architecture of the neural network, the 
genetic algorithm is introduced to optimize the network 
structure parameters. The eExperimental results show that 
neural network sliding mode control based on genetic 
algorithm can accurately control the electrical stimulation to 
obtain the desired joint motion, and can be effectively 
compensated in the case of external disturbances. 
Keywords-functional electrical stimulation; knee movement 
tracking; neural network; sliding mode control 
I. INTRODUCTION  
Spinal cord injury (SCI) is the main type of central 
nervous system injury, often leading to motor disorders such 
as paralysis. SCI suffers from spinal cord nerve injury, so the 
brain control commands of limb movements can’t be 
transmitted to the limb motor nerve, resulting in limb loss of 
motor function [1]. The rehabilitation of SCI has become a 
major social problem to be resolved [2], one of the most 
common technique to assist the patients with SCI is 
functional electrical stimulation (FES), using short electrical 
pulses is able to generate FES-induced contraction of muscle 
paralysis, and the FES can be adjusted to control the 
intensity of the contraction level [3]. 
A large number of FES control techniques have been 
applied to the lower limb [4], but few of them are capable of 
providing high accuracy with patients. Human body muscle 
is non-linear, volatile and the environment is complex [5], 
which makes it difficult to control FES to achieve the desired 
FES performance. When designing FES control system, it is 
the very important to improve the control precision 
accurately. Qiu et al [6] used PID algorithm to control the 
flexion and extension of the knee joint, but when external 
disturbances exist, it becomes difficult to achieve the desired 
performance. Kirsch N [7] presented a gradient projection 
based NMPC for regulating a limb joint angle through FES, 
the controller can follow step changes in desired angles and 
is robust to disturbances. However, the method is not robust 
to uncertain dynamics and other modeling uncertainties. 
Sliding mode control is one of the effective nonlinear 
robust control approaches, since it provides matching 
conditions for system dynamics uncertainties and 
disturbances. In [8], a fuzzy sliding mode controller was 
proposed, through fuzzy control system to compensate for 
external error, but the fuzzy rule related parameters are 
difficult to determine. Nevertheless, the chattering problem 
of the sliding mode control affects the stability of the control 
to a certain extent [9]. Therefore, the neural network control 
is often combined to eliminate the sliding mode buffeting. 
Wu [10] proposed a neural network adaptive sliding mode 
control algorithm which can limit the chattering phenomena 
and approximate the un-modeled part of the system, but the 
relevant parameters of the neural network are obtained 
through experience. 
Because of the network is hard to decided, it will 
constrain the training effects of neural networks if the 
parameter value is not appropriate [11]. In this paper, an 
adaptive RBF neural network based sliding mode control 
method is designed, then use genetic algorithm to optimize 
the network parameters, the nonlinear RBF is used to 
approximate the model uncertainties and disturbances, which 
has fast computation time in real-time implementation. The 
rest of this paper is arranged as follows: Section II and III 
presents the dynamic model of knee and the neural network 
sliding mode control based on genetic algorithm. The 
experiments and the results are shown in Section IV. Section 
V draws the conclusion of the paper.  
II. DYNAMIC MODEL OF KNEE  
This paper focuses on the knee extension movement with 
the assistance from FES system, as shown in Fig. 1. The 
dynamic model of the leg used in this paper was proposed in 
[12], the system equation is: 
 sin( )v v s aJ mgl M B M         (1) 
where: J is the inertial moment of the shank; v ,  are the 
knee angle as shown in Figure Fig. 1; ,    is the joint 
angular velocity, angular acceleration; m  is the mass of the 
shank; l is the distance between the knee and the shank 
center; sM is the torque due to the rigidity component; aM is 
the knee torque due to the electrical stimulation; 
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Figure 1. Experimental setup 
With respect to the rigidity component, the following form 
was considered: 
 ( )EsM e
      (2) 
 = ( , ) ( )aM u t    (3) 
, E are the coefficients of exponential terms ;  is the 
resting knee angle; ( )u t is the electrical stimulation exerted 
on the muscles; ( , )   is the relationship between electrical 
stimulation intensity and muscle contraction torque, which is 
modeled by torque–length and torque–velocity, the passive 
and active knee joint torques are based on Hill-type muscle 
models, please refer to [13] for specific mathematical forms. 
III. FES CONTROL STRATEGY 
A. Sliding mode controller  
Based on the kinematic equation of knee joint shown in 
(1), a sliding mode control system is designed. Define the 
desire knee joint angle and the actual joint angle d , , then 
the joint position and velocity tracking error can be 
expressed as d ve     and d ve     , defined c as a 
sliding mode coefficient, the sliding surface is described as: 
 s ce e    (4) 
 
1 ( sin( ) )d v s as ce mgl M B MJ
            (5) 
Define: 
 1( ) ( sin( ) + ( ))v sf mgl M B fJ
          (6) 
 ( ) aMGu t
J
  (7) 
 The nonlinear function ( )f   represents the system 
uncertainties including system parameter variations and 
disturbances. Generally, taking - sgn( )s s , the sliding 
mode control law is as follows: 
  
sgn( ) ( )( ) dce s fu t
G
    


 (8) 
B. Genetic algorithm to optimize neural network weights 
Because RBF neural network has universal 
approximation, RBF neural network approximation is used 
to compensate for the uncertainty of knee modeling and the 
external error ( )f  , the network algorithm is: 
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jc is the core function center, jb is the width parameter 
of the function. The selection of the jc and jb have a great 
influence on the performance of the neural network.  
Genetic algorithm is an optimized search algorithm, b 
and c in the neural network are encoded into binary code 
string representation, and the initial population of these 
strings is randomly grown, so that the conventional genetic 
algorithm can be optimized [14].  
In this paper, the maximum number of iterations is 500, 
the population size is 30, the parameter binary coding length 
is 10, and the optimized value is: 
[0.25  -2.15  0.33  1.47  2.17;
        0.26  -3.08  -3.03  3.45  0.36]  
jc   
[2.73  4.88  1.19  3.14  0.55]jb   
C. Adaptive sliding mode controller  
The matrix [ ]d d dx e e       of the ideal motion 
angle d ,velocity v ,acceleration v ,angle error e  and error 
rate of change of the knee joint e  is used as the input of the 
neural network. 
The network output is: ˆ ˆ( ) ( )Tf x W h x   
*ˆ ˆ( ) ( ) ( ) ( ) ( )T T Tf x f x W h x W h x W h x          (10) 
The Lyapunov function is defined by: 
 1 ˆTV ss W W

     (11) 
Then 
 1 ˆ= s- - ( ))TV s W W sh x 

  ˄  (12) 
Take max| |  ,the adaptive law is ˆ = ( )W sh x
 ,the 
relevant parameters of the control system are described as: 
5,  =10,  =1500c     
IV. EXPERIMENTS AND RESULTS 
Based on the experiment of genetic algorithm RBF 
sliding mode control, two healthy participants were tested. 
The participants sat on the chair, and they were instructed to 
remain relaxed to prevent muscle contraction, and influence 
in the measurements experiments. The experiment setup is 
shown in Fig. 2, the experiment uses the electrical 
stimulation device (Motionstim8, MEDEL, Germany) to 
stimulate the thigh quadriceps, and uses the angle sensor to 
measure the angle during the swing of the calf. The intensity 
of electrical stimulation is changed by adjusting the pulse 
width, and the electric stimulation frequency is 25Hz, the 
current is 25mA. The results of the identification parameters 
for one subject are shown in Table I, the body weight and 
centroid position of the calf were estimated by the binary 
regression equation [15], and the parameters such as the 
station elasticity of the knee joint model were identified by 
the least squares method, the specific parameter 
identification process refers to the literature [12]. 
The experimental results are shown in Fig. 3. The 
controller was given a reference of 30° for 10s, followed by 
a reference of 45° for 10s. A comparison has been drawn in 
terms of tracking the angles of between the performances of 
two controllers GA-RBF-SMC and RBF-SMC. It can be 
seen from the Fig. 3 (a), when it reaches 30°, the subject 
takes 3s to reach steady state, because it must achieve a 
certain intensity of electrical stimulation to induce calf 
movement. When it reaches 45°, unlike the RBF-SMC 
controller which takes a 4s to converge, the optimized 
algorithm only takes 2s, it has fast response. Fig. 3 (b) shows 
the pulse width, it can be 
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Figure 2. Experiment setup for knee extension 
TABLE I. The parameters of knee joint model 
Parameter Value Parameter Value 
Height 178 cm  B  0.35 /Nm s rad   
Weight 64 kg    3.58 /Nm rad   
J  0.323 2.kg m  w  0.17 rad   
m 2.653 kg  E  0.041 /Nm us   
l  0.25 m  G   0.06 /Nm us   
  
(a) (b) 
Figure 3. Experimental results for tracking the references angels 
seen that the pulse width changes automatically with the 
angle changes. The square root error of the steady-state angle 
at 10-20s is approximately 0.0872. The results show that the 
optimized algorithm has the advantages of better tracking 
performance and faster convergence. 
In order to validate the robustness of the control 
algorithm to the disturbance, a certain torque was applied to 
the subject during the experiment, a load of 1kg is attached 
to the angle during the extension movements at 14s. The 
results of this robustness test are plotted in Fig.4. Hanging 
heavy objects, it can be noticed that the GA-RBF is very 
sensitive to the disturbance and it only takes 2s to reach 
steady state, the real angles deviated only slightly from the 
desired angles. The electrical stimulation of the pulse width 
is also adaptive adjustment as shown in Fig. 4 (b). The root 
mean square error for optimized algorithm in 45° increases 
to 0.3786 but remains acceptable. The experimental results 
show that the proposed algorithm performs better in robust to disturbance. 
  
(a) (b) 
Figure 4. Experimental results for tracking the references angels with disturbance 
V. CONCLUSION 
In this paper, a RBF sliding mode control based on 
genetic algorithm is proposed for FES assisted knee joint 
movement tracking. Genetic algorithm is used to optimize 
the RBF network parameters. The nonlinearity of RBF is 
used to approximate the uncertainty of lower limb joint 
model. The effect of the control algorithm on two healthy 
subjects was verified by knee extension experiment. Results 
show that the proposed algorithm can control the FES to 
adjust the joint angle more accurately than the unmodulated 
RBF-SMC, and the steady-state RMS error is no more than 
2º. Even in the presence of disturbance, the control system 
can adjust the stimulus intensity adaptively so as to achieve 
accurate movement. Future work will combine the FES with 
rehabilitation robot to help patients to do more supple 
movement. 
ACKNOWLEDGMENT 
This research is supported by National Natural Science 
Foundations of China (under grants No. 51675389, 
51475342, and 61401318) 
REFERENCES 
[1] PDF (K), “Spinal Cord Injury Facts and Figures at a Glance,” Journal 
of Spinal Cord Medicine, vol. 37, no. 2, pp. 243-247, 2014. 
[2] W. Meng, Q. Liu, Z. Zhou, et al, "Active interaction control applied 
to a lower limb rehabilitation robot by using EMG recognition and 
impedance model,"Industrial Robot, vol. 41, pp. 465-479, 2014. 
[3] D. Guiraud, C. A. Coste, M. Benoussaad, et al, “Implanted functional 
electrical stimulation: case report of a paraplegic patient with 
complete SCI after 9 years,” Journal of Neuroengineering & 
Rehabilitation, vol. 11, no. 1, pp. 1-10, 2014. 
[4] W. Meng, Q. Liu, Z. Zhou, et al, “Recent development of 
mechanisms and control strategies for robot-assisted lower limb 
rehabilitation,” Mechatronics, vol. 31, pp. 132-145, 2015. 
[5] R. Gaino, M. R. Covacic, M. C. M. Teixeira, et al, “Electrical 
stimulation tracking control for paraplegic patients using T–S fuzzy 
models,” Fuzzy Sets & Systems, 2016. 
[6] S. Qiu, R. Xue, T. Zhai,et al, “Ant Colony Optimization Tuning PID 
Algorithm for Precision Control of Functional Electrical Stimulation,
”  Biomedical Engineering, vol. 58, no. 15, 2013. 
[7] N. Kirsch, N. Alibeji, N. Sharma, “Nonlinear model predictive 
control of functional electrical stimulation,” Control Engineering 
Practice, 2015. 
[8] V. Nekoukar, A. Erfanian, “An adaptive fuzzy sliding-mode 
controller design for walking control with functional electrical 
stimulation: A computer simulation study,” International Journal of 
Control Automation & Systems, vol. 9, no. 6, pp, 1124-1135, 2011. 
[9] N. Kapoor, J. Ohri, “Sliding Mode Control (SMC) of Robot 
Manipulator via Intelligent Controllers,” Journal of the Institution of 
Engineers, vol. 98, pp. 1-16, 2017. 
[10] Q. Wu, Q. Zhang, C. H. Xiong, “Adaptive Control of Joint 
Movement Induced by Electrical Stimulation,” Acta Automation 
Sinica, vol.  42, no. 12, pp. 1923-1932, 2016 
[11] Y. Tao, J. Zheng, Y. Lin, “A Sliding Mode Control-based on a RBF 
Neural Network for Deburring Industry Robotic Systems 
,”International Journal of Advanced Robotic Systems, vol. 13, no. 1, 
2016. 
[12] M. Ferrarin, A. Pedotti. “The relationship between electrical stimulus 
and joint torque: a dynamic model,” IEEE Trans Rehabil Eng, vol. 8, 
no. 3, pp. 342-352, 2000. 
[13] R. Riener, T. Fuhr. “Patient-driven control of FES-supported standing 
up: a simulation study,” IEEE Transactions on Rehabilitation 
Engineering a Publication of the IEEE Engineering in Medicine & 
Biology Society, vol. 6, no. 2, pp. 113-124, 1998. 
[14] Y. Long, Z. Du, W. Wang, “RBF neural network with genetic 
algorithm optimization based sensitivity amplification control for 
exoskeleton,” Journal of Harbin Institute of Technology, 2015. 
[15] L. P. De, “Adjustments to Zatsiorsky-Seluyanov's segment inertia 
parameters,” Journal of Biomechanics, vol. 29, pp. 1223, 1996
 
